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ABSTRACT 

We investigate the polycyclic aromatic hydrocarbon features in the young Galactic planetary nebula 
PN G095.2+00.7 based on mid-infrared observations. The near- to mid-infrared spectra obtained with 
the AKARI /IRC and the Spitzer /IRS show the PAH features as well as the broad emission feature 
at 12 /im usually seen in proto-planetary nebulae(pPNe). The spatially resolved spectra obtained 
with Subaru / 'COMICS suggest that the broad emission around 12 /xm is distributed in a shell- like 
structure, but the unidentified infrared band at 11.3 /xm is selectively enhanced at the southern part 
of the nebula. The variation can be explained by a difference in the amount of the UV radiation to 
excite PAHs, and does not necessarily require the chemical processing of dust grains and PAHs. It 
suggests that the UV self-extinction is important to understand the mid-infrared spectral features. We 
propose a mechanism which accounts for the evolutionary sequence of the mid-infrared dust features 
seen in a transition from pPNe to PNe. 

Subject headings: circumstellar matter — infrared: ISM — evolution — planetary nebulae: individual 
(PNG095.2+00.7) 



1. INTRODUCTION 

The unidentified infrared (UIR) bands are broad and 
strong emission features in the infrared and widely de- 
tected both in interstellar and circumstellar environ- 
ment s (e.g.. iPeeters et al"]l2002l : lAcke fc van den Anckerl 
2004) . They are thought to arise from aromatic carbona- 
ceous materials, such as polycyclic arom atic hydrocar- 
bons (PAHs, e.g.. lDulev fe WllliamslH98l"l ). PAHs absorb 
UV-light, excite their vibrational modes, and re-emit 
in the infrared as the strong emission bands (hereafter 
PAH features) (lAllamandola et al.lll989t iPueet fe Legerl 
119891 ). Alternatively. iKwok fe Zhangl (|2011| ) propose 
amorphous organic solids with a mixed aromatic- 
aliphatic structure as the UIR band carriers. 

Theoretical models suggest that PAHs are formed 
in circumstellar envelopes and ejected into the inter - 
stellar medi u m (ICaul [20021 : ICherchneff fe Barkerl Il99l . 
IKwok et al.l (|2002l ) make observations of two proto- 
planetary nebulae (pPNe), IRAS 07134+1005 and IRAS 
Z02229+6208, with high spatial resolution and conclude 
that PAHs are formed during the transitional phase from 
pPNe to PNe. PNe and pPNe are important objects as 
a site of the formation and processing of PAHs. 

Mid-infrared spectroscopy is a powerful tool to in- 
vestigate the formation and processing of dust grains 
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and PAHs. Evolution o f the mid-infrared spectral fea- 
tures is investigated by IGarcia-Lario fe Perea Calderonl 
(2003) based on Infrared Space Observatory observa- 
tions of asymptotic giant branch (AGB) stars, post-AGB 
stars, and PNe in the Milky Way. They show that the 
PAH features appear only after a broad feature around 
12 /im (hereafter the 12 /zm fea ture) disappears at the fi - 
nal phase of C-rich AGB stars. iStanghellini et al.l (|2007f ) 
find that the mid-infrared spectra of PNe in the Large 
and Small Magellanic Clouds (MCs) show a similar spec- 
tral transition along with the nebula size. Such a tran- 
sition is not investigated among Galactic PNe because 
the 12 /xm feature is rare ly detected in Galactic PNe 
(jBernard-Salas et al.l 120091. There is no convincing ex- 
planation on the evolutionary sequence of carbonaceous 
dust features. To understand how PAHs are formed and 
processed, it is important to identify the origin of the 
spectral transition from pPNe to PNe. 

PNe and pPNe consist of several distinct physical en- 
vironments such as a hot central star, ionized and photo 
dissociation regions, and a dust envelope. A study of the 
dust features associated with each environment is impor- 
tant for the understanding of the evolution of du st grains 
and PAHs in these objects. iWaters et al.l (|1998f ) indicate 
the presence of extended PAH emissions together with 
the crystalline silicate emission in the central torus of 
a bipolar pPN, the Red Rectangle, which is confirmed 
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by hig h spatial resolution spectroscopy by iMivata et al.l 
(|2004D . iGoto et all (|2003T ) find a systematic variation in 
the PAH features at 3.3 and 3.4 /im with the distance 
from the central star in the pPN IRAS 22272+5435, sug- 
gesting thermal processing on dust grains by stellar radi- 
ations. The spatially resolved spectroscopy is a promis- 
ing method to identify the origin of the variation in the 
infrared spectrum. 

In this paper, we present the mid-infrared spec- 
tra and image of PN G095. 2+00.4 (hereafter G095), 
investigate the spatial distribution of the PAH fea- 
tures in the circumstellar nebula, and propose a 
scenario to account for the spectral tra n sition pre- 
sented by iGarcfa-Lariq fc Perea Calderonl ([20031 ) and 
iStanghellini et a" ( 20071) . We describe the observations 
in Section HOI Results are given in Section [3l The dust 
features of G095 and their distributions are discussed in 
Section [4] Section [5] summarizes the conclusions. 

2. OBSERVATIONS 

2.1. Target Information 

G095 is a Galactic PN at (a,S) = (21 : 31 : 50.18, 
+52 : 33 : 51.6). Its distance, radio angular radius, 
and [O IHl A5007 expansio n velo city are estimated to b e 
2.3 kpc (jCahn et al.lll992l), T'.3 ■ dAacmist fc KwoflUoonh . 
and 16kms _1 ([Robinson et al.l [l982). respectively. The 
estimated dynamical age of the object is about 900 year, 
indicating that G095 is young. 

2.2. AKARI and Spitzer Observations 

The near-infrared spectrum (2.5-5.0 /im in Figu re [TJ) 
of G095 is obtained with the AKARI /IRC (jOnaka et al.l 
120071) . Table Q] summarizes details of the InfraRed Cam- 
era (IRC) observation (Pointing ID: 3460033, PI: T. On- 
aka). G095 is unresolved with the IRC (FWHM -4". 7). 
We use the l'xl' window for slitless spectroscopy to col- 
lect all the flux from the object. The data reduction is 
performed with the IRC spectroscopy official toolkit for 
phase 3 data (version 20111121). 

The mid-infrared spectrum (5-14 /im in Figure [TJ is 
retrieved from the Spitzer archive (Program ID: 50261, 
PI: L. Stanghellini). The spectrum is obtained with the 
short low (SL") mo de of the Infrared Spectrograph (IRS; 
iHouck et al.l 120 04) . Details of the IRS observation are 
also summarized in TableQ] The IRS spectrum smoothly 
connects with the IRC spectrum without any scaling, 
suggesting that almost all the flux from the object falls 
within the IRS slit. 

2.3. Subaru/ 'COMICS observations 

We obtained the Nil. 7 (11.7 /im) broad-band image 
and the iV-band low- resolution spectra of G095 with 
the Subaru/COMICS ([Kataza et al. 2000) as part of the 
open use program (Prop. ID: S11B-017, PI: Ohsawa). 
Details of the observation are summarized in Table QJ 
The data reduction is performed in the standard man- 
ner for mid-infrared ground-based observations, includ- 
ing dark subtractions, flat fielding, and background sub- 
traction from different chopping positions. The chopping 
throw was set as 20" in the north-south direction. Fig- 
ure[2]shows the image of G095 taken at Nil. 7. The pixel 
scales are 0".13 and 0".16 for imaging and spectroscopy, 
respectively. The FWHM of the PSF is about 0".39. 



The slit position in the spectroscopy is displayed by the 
dashed lines in Figure [2j The five rectangles with num- 
bers indicate the regions where we extract spectra. Re- 
gion 3 corresponds to the geometric center of the nebula. 
We use the t e mplat e spectrum of HD 197989 provided by 



te mp, 

iCohen et all (1999) for the calibration. 

3. RESULTS 
3.1. AKARI and Spitzer Spectra 

We can see the PAH features at 3.3, 6.2, 7.7, 8.6, and 
11.2 /im in Figure [TJ The IRC spectrum show the emi- 
nent PAH feature at 3.3 /im, while the aliphatic feature 
at 3.4 /jm is not detected. In the IRS spectrum, the 
PAH features at 6 . 2, 7.7 , 8.6, and 11.3 /im are detected. 
Stanghelli ni et al.l (|2012l) reported that G095 does not 
show the PAH features, but we claim that the PAH fea- 
tures are certainly detected in both IRC and IRS spectra. 

The intensities of the PAH features are estimated by 
spectral fitting with Lorentzian functions. The contin- 
uum is approximated by spline functions with anchoring 
points at 3.0, 3.5, 2.4, 6.0, 6.8, 9.3, 13.6, and 14.0 /im. 
The continuum for the 11.3 /im feature is approximated 
by spline interpolation of the adjacent regions. The 
flux density around 3.29 /im also includes the contribu- 
tion form Pfund-5. It is calculated from the intensity 
of Brackett-a at 4.05 /im assuming the Case-B condi- 
tion with the electron density of 10 6 cm" 3 and the elec - 
tron temperature of 10, 000 K ([Storey fc Hummerl[l995T ). 
The estimated intensities are 0.35 ± 0.02, 1.88 ± 0.04, 
2.95 ± 0.06, 1.01 ± 0.04, and 1.06 ± 0.04 in units of 
10- 15 Wm- 2 for the PAH features at 3.3, 6.2, 7.7, 8.6, 
and 11.3 /im, respectively. 

Another eminent spectral feature in Figure [TJ is a 
broad feature from 10 to 12 /im. We measure the in- 
tensity of the broad feature by integrating over the con- 
tinuum and subtracting the contribution from [S IV] at 
10.51 /im, the 11.3 /im PAH feature, Humphreys-a at 
12.4 /tm and [Ne II] at 12.81 /im. The estimated intensity 
is (4.90±0.01)xl0- 14 Wm- 2 . 

3.2. Subaru/ COMICS image and spectra 

Figure [5] shows the nebulosity of G095. It has a radius 
of ab out 1".2, being consiste nt with the radio angular ra- 
dius ([Aaauist fc Kwok| [i~990) . According to Figure [TJ the 
flux around 11.7 /tm is dominated by the broad feature 
around 12 /im and the underlying continuum emission. 
Thus, the Nil. 7 image represents the distribution of the 
circumstellar dust envelope, indicating a shell-like struc- 
ture. 

The 8.4 GHz radio observation (|Kwok fc Aaauistlll993D 
shows a double shell structure, the diameter of which is 
l".l and 1".9, respectively. We investigate the spatial 
profile of the fine-structure lines in the two-dimensional 
spectrum of G095, but the double shell structure is not 
confirmed possibly due to an insufficient spatial resolu- 
tion (FWHM-0".48). The size of the envelope shell in 
the Nil. 7 image suggests that the Nil. 7 emission mainly 
comes from the outer shell with some contribution from 
the inner shell. 

We extract the spectra at the position of the rectangles 
in Figure [5] While the spectra of Regions 2, 3, and 4 
include the emission from the inner and outer shell, the 
spectra of Regions 1 and 5 are dominated by the emission 
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TABLE 1 

Summary of Observations 



Instrument AKARI /IRC Spitzer /IRS Subaru / 'COMICS Subaru / COMICS 



Obs. date 
Observation 
Grism/filter 
Waverange 
Slit width 
Exp. time 
Standard star 



2008-12-19 
Spectroscopy 
NG (R ~ 100) 
2.5-5.0 urn 
1' 
799 s 



2008-08-06 
Spectroscopy 
SL (R ~ 100) 
5.5-14 fim 
3".7 
12.58s 



2011-08-31 
Spectroscopy 
NL (R ~ 250) 
8.0-13.5 //m 
0".26 
600 s 



2011-08-31 
Imaging 
Nil. 7 (R ~ 10) 
11.1-12.4/im 

185 s 
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Fig. 1. — Observed spectrum of G095 (the solid and dashed lines). The errors are shown by the grayed regions. The dotted line indicates 
the continuum emission approximated by spline functions. The dash-dotted lines show the extracted PAH features. The normalized 
10—14 fira spectrum of IC 418 is also displayed by the gray thick line. 




1 arc sec 



Nil. 7 

Fig. 2.— Nil. 7 image obtained with the COMICS. The thin lines 
show the contours from 50% to 100% of the peak. The dashed lines 
show the slit position in spectroscopy. The orange rectangles show 
the region where we extract the spectra. 



from the outer shell. The continuum-subtracted spectra 
are presented in Figure |3] The underlying continua are 
approximated by spline functions with anchoring points 
at 8.1, 8.5, 10.1, and 13.0 /im. 

The 11.3 /jm PAH feature is detected, while the 8.6 /im 
PAH feature is not detected in any region due to the low 
signal-to-noise ratios at short wavelengths. We measure 
the brightness of the 11.3 /J.m feature by spectral fitting. 
The continuum for the 11.3 /xm feature is estimated by 
spline-interpolation of the adjacent regions. The bright- 
ness of the broad feature around 12 /jm is estimated by 
integrating the flux from 10 to 13 /im over the underlying 
continuum and subtracting the contribution from [S IV] , 
the 11.3 fim PAH feature, the Humphreys-a, and [Ne II . 

Figure @] shows the surface brightness of the emission 
features in the COMICS spectra along the slit. The pro- 
file of the Nil. 7 image is also shown for comparison. 
The profile of the broad feature around 12 /im shows the 
same spatial variation of the Nil. 7 image. However, the 
surface brightness of the 11.3 /im PAH feature increases 
from Regions 1 to 5 (from north to south) and the inten- 
sity of the PAH feature in Region 5 is twice as strong as 
that in Region 1. Figure S] also plots the surface bright- 
nesses of the fine-structure lines, [S IV] (34.79 eV) and 
[Ne II] (21.56 eV). The [S IV] emission has peaks at Re- 
gions 2 and 3, while the [Ne II] is strong at Regions 1 
and 5. 
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Fig. 3. — Continuum-subtracted spectra obtained with the COMICS. The spectrum of Region 1 is superimposed by the gray line for 
comparison in other regions' spectra. The spectral range affected by terrestrial atmospheric absorption is not displayed. 



4. DISCUSSION 
4.1. The PAH and 12 nm Features 

The intensity ratio of the PAH features are often used 
to diagnose the ionization and excitation conditions of 
PAHs. The 6.2 to 11.3 /mi and 7.7 to 11.3 /xm band ra- 
tios are about 1.8 and 2.8, respecti vely. These ratios be - 
come large when PAHs are ionized (jSchutte et alJ fl993). 
The 6.2 to 11.3 /im and the 7.7 to 11.3 fim band ratios of 
typical Galactic PNe range from 0.5 to 3.5 and from 1.0 
to 6.5, respectively (|Bernard-Salas et"al] 12009ft . These 
ratios suggest that the ionization of PAHs in G095 is 
intermediate among Galactic PNe. 

The 11.3 to 3.3 /im band ratio is used to estimate the 
excitation of PAHs. Since the 3.3 /jm feature requires a 
high excitation of PAHs, the band ratio becomes small 
when the excitation of PA Hs becomes high. The ratio 
of G095 is about 3.0, while iHonv et all (|200lD reported 
that the typical 11.3 to 3.3 /im band ratio ranges from 
3 to 4. The small 11.3 to 3.3 /im band ratio of G095 
suggests that the PAH excitation in G095 is high. It 
seems consistent with the hard radiation field of PNe. On 
the other hand, the destruction of sm all PAHs increase s 
the 11.3 to 3.3 /im ratio as discussed in lMori et al.l (2012). 
The small ratio of G095 also suggests that PAHs in G095 
are still intact in spite of the hard radiation fields. 

To investigate the carrier of the broad feature around 
12 /im, we plot the spectru m of IC 418, which is a 
PN with the 12 fim feature (jVolk fc Cohen! I1990D . in 
Figure Q] by the thick gray line. The broad features 
of G095 and IC418 show almost t he same spectral 
profiles. [Ber nard- S al as et al.l (|2009| ) also investigate 
the 12 fim feature of PNe in MCs. The peak posi- 
tion and wavelength range of the broad feature of 
G095 are co nsistent with those o f the 12 fim feature 
reported in iBernard-Salas et ail (|2009f i. Thus, we 
conclude that the broad feature in the IRS spec- 
trum has the same origin of the 12 fim f eature s 
discussed in IGarci'a-Lario fc Perea Calderonl (T2 003), 
IBernard-Salas et ail (|2009() . and Stangh ellini et al.l 



((2007ft . 

The 12 fim feature is generally at tributed to 
silico n carbide (SiC) g r ains (e.g., iSpeck et al.l 
| 2009t IBernard-Salas et all 120091) . Alternatively, 
Stanghelli ni et al.l (J2012D tentatively attribute the 
broad feature around 12 /im to aliphatic carbons. If the 
12 /im feature of G095 arises from aliphatic carbons, 
we expect the aliphatic feature at 3.4 /im. However, 
the IRC spectrum of G095 does not show any feature 
around 3.4 /im. It does not support the aliphatic origin 
of the 12 /im feature of G095. Thus, we conclude that 
the 12 /im feature of G095 is attributable to SiC grains. 

The 12 /im feature is seldom detected in Galactic 
PNe. PNe in MCs show th e 12 /im feature more fre- 
quently than Galactic P Ne (IBernard-Salas et all 120091 : 
IStanghellini et al.ll2007l) . IStanghellini et al.l (|2012T i point 
out that the typical dust temperature of carbon-rich PNe 
in LMC is higher than that of Galactic carbon-rich PNe. 
Frequent detection of the 12 /im feature in PNe in MCs is 
attributable to their high dust temperature. We expect 
that the dust temperature in G095 is sufficiently high to 
show the 12 /im feature based on the small size of G095. 
G095 has the blue IRAS 25 to 60 /im color of about 2.0, 
while the ratio is typically about 0.7 for Galactic PNe 
(jAcker et al.lll992li . It also supports the high dust tem- 
perature of G095. 

4.2. Spatial Distribution of the Dust Features 

The most simple explanation of the difference between 
Regions 1 and 5 is that the amount of PAHs is different 
between the northern and southern parts of G095. It 
may result from efficient PAH formation in the southern 
part, or PAH destruction in the northern part. However, 
there is no observation to support the scenario. The 
strength of the 12 /im feature and underlying continuum 
emissions, both of which can be attributed to carbona- 
ceous dust grains, do not show a large difference between 
the northern and southern part of G095. It suggests that 
the formation of carbonaceous grains does not differ be- 
tween the northern and southern regions. If the emis- 
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Fig. 4. — Intensities of the 11.3/im PAH feature, 12 (im feature, [S IV] and [Ne II] at the different regions. The thin gray line shows the 
profile of the Nil. 7 image along with the slit. 



sion from ionized gas is enhanced in the northern region, 
there can be PAH destruction. However, the 6 cm free- 
free emission in the northern part is as stron g as that in 
the southern region (|Aaauist fc KwoMll990h . The [S IV] 
to [Ne II] intensity ratio does not show a significant dif- 
ference between the northern and southern regions. In 
addition, the 11.3 to 3.3 /im PAH band ratio does not 
support PAH destruction in G095. Although we can- 
not completely rule out the possibility that the southern 
region has a large amount of PAHs, there is no observa- 
tional evidence for it. 

We propose that the UV absorption within the dust 
envelope can explain the difference in the strength of the 
PAH feature between Regions 1 and 5. Since PAHs re- 
quire the UV photons to be excited, a different amount of 
UV photons could explain the different strength of the 
PAH feature. Assuming that PAHs coexist with other 
dust grains in the nebula, UV radiation can be absorbed 
by dust grains before it excites PAHs. The amount of the 
UV photons to excite PAHs is estimated by exp(— t\jv), 
where ttjv is the optical depth to the central star at the 
UV wavelengths. The dust column density in the north- 
ern region is suggested to be higher by about 10% than 
that in the southern region from the COMICS observa- 
tion. Assuming that tqv in the northern region is 10% 
larger than in the southern region, the amount of the UV 
photon in the southern region can be twice larger than 
in the northern region when t\jv ~ 7. Thus, we expect 
that G095 is optically thick in the UV. The color index 
of G095 is B-V~l.5 (|Abazaiian et al.ll2009D . Assuming 
-Ry=3.1 and the intrinsic color ~0, the amount of the 



extin ction without t he interstellar extinction (v4.y~0.31 
fromlDobashJ pOll ) is roughly estimated as A y^.M, 
corre sponding to Ao.i5^m— H-5 or T .i5nm—W-6 ijMathid 
1990). The estimated optical depth is sufficiently large 
to quantitatively explain the difference in the strength 
of the 11.3 /im PAH feature between Regions 1 and 5. 
Thus, a small asymmetry in the amount of dust (~10%) 
can result in a large difference in the intensity of the PAH 
feature. 

The present results suggest that we have to consider 
the UV absorption within the nebula to investigate the 
PAH features in young PNe, such as G095. We specu- 
late that part of the mid-infrared spectral sequence from 
pPNe to PNe can be explained in terms of the UV ab- 
sorption even if there is no assumption of dust processing. 
In the early phase of the sequence, the circumstellar neb- 
ula is small and dense so that it can be optically thick 
in the UV. Nearly all the UV photons are absorbed at 
the inner surface of the dust envelope and PAHs are not 
excited efficiently. The small size of the nebula leads to 
dust temperature high enough to produce the 12 /im fea- 
ture. As the nebula expands along the evolution, the 
optical depth in the UV and the dust temperature de- 
crease. PAHs start to be excited by the UV photons and 
the PAH features are efficiently emitted. The drop in the 
dust temperature results in a decrease of the 12 /^m fea- 
ture. Consequently, the mid-infrared spectrum becomes 
dominated by the strong PAH emission. The advent of 
the PAH features and the disappearance of the 12 /im fea- 
ture of the mid-infrared spectral sequence can be inter- 
preted in terms of the UV absorption within the nebula 
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and the nebular expansion. 

5. SUMMARY AND CONCLUSIONS 

We investigate the PAH features of G095 based on the 
infrared images and spectra. We detect the PAH fea- 
tures and the 12 /im feature in the IRC and IRS spectra. 
We obtain the mid-infrared image and spatially resolved 
spectra in the A-band with the Subaru /COMICS. The 
surface brightness of the 11.3 /xm PAH feature in the 
southern region is twice stronger than in the northern 
region, while the 11.7/zm image and the 12 fim feature 
do not show a large difference between the northern and 
southern parts of the nebula. We propose that the dif- 
ference in the strength of the PAH feature is caused by 
the UV absorption of the dust envelope rather than the 
chemical processing of carbonaceous dust. 

The present results suggest that the UV absorption 
within the nebula is needed to be taken into account in 
the investigation of the mid-infrared spectrum of pPNe 
and young PNe. We propose the scenario to account for 
the mid-infrared spectral transition seen in the evolution 
from pPNe to PNe in terms of the UV absorption and 
the nebular expansion without assuming any dust pro- 
cessing. 



The mid-infrared spectral evolution in a transition 
from pPNe to PNe involves the evolution of nebulosity 
as well as the processing of dust grains. We propose that 
the change in the UV absorption within the nebula can 
significantly affect the mid-infrared spectrum. Further 
studies will confirm that the proposed scenario is appli- 
cable to other pPNe and young PNe. 

This result is based on data collected at Subaru Tele- 
scope, which is operated by the National Astronomical 
Observatory of Japan. It is in part based on observa- 
tions with AKARI, a JAXA project with the partici- 
pation of ESA and on archival data obtained with the 
Spitzer Space Telescope, which is operated by the Jet 
Propulsion Laboratory, California Institute of Technol- 
ogy under a contract with NASA. We fully appreciate 
all the people who worked in the operation and mainte- 
nance of those instruments. This work is supported in 
part by a Grant-in- Aid for Scientific Research (23244021) 
by the Japan Society of Promotion of Science (JSPS). 

Facilities: AKARI(IRC), Spitzer(IRS), Sub- 
aru(COMICS) 
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